Objective: The empirical identification of risk factors associated with sport-related concussion (SRC) may improve the management of student-athletes. The current study attempted to identify and quantify bio-cognitive risk factors associated with sustaining a SRC. Methods: Cross-sectional ambispective study; level of evidence, 3. Neurocognitive testing of 12,320 middle school, high school and collegiate athletes was completed at preseason baseline and post-SRC. Univariate and multivariable logistic regressions were used to determine which pre-injury variables accurately predicted the occurrence of SRC. A quantitative risk score for each variable was developed. Results: Five of 13 variables maintained significance in the multivariable model with the associated weighted point scores: SRC history (21), prior headache treatment (6), contact sport (5), youth level of play (7), and history of ADHD/LD (2). Six stratified groups were formed based on probability of SRC, which produced an area under the curve (AUC) of 0.71 (95% CI 0.69-0.72, p < .001). Though the model was a significant predictor of SRC (X 2 = 1,112.75, p < .001), the effect size was small and accounted for only 16% of the overall variance. Conclusions: An initial aggregate model of weighted bio-cognitive factors associated with increased odds of sustaining a SRC was developed. Previously validated factors were confirmed, yet a large source of variance remained unexplained. These findings emphasize the need to expand the host factors studied when assessing SRC risk, and that the existing, empirically based bio-cognitive factors do not adequately quantify the risk of SRC.
Introduction
Sport-related concussion (SRC) is a major public health concern that affects athletes of all ages and competition levels. For children 18-years or younger, approximately 1.1-1.9 million sports-and recreation-related concussions are reported annually in the US (Bryan, Rowhani-Rahbar, Comstock, Rivara, & Collaborative, 2016) . Additionally, 10-15% of patients endure prolonged symptoms following the injury, termed post-concussion syndrome (PCS; Hou et al., 2012; Morgan et al., 2015; Zuckerman et al., 2016) . While the potential long-term effects of this transient brain injury are less well-defined (Ban, Madden, Bailes, Hunt Batjer, & Lonser, 2016) , the acute effects can significantly impact neurocognition, vestibular and oculomotor capacities, and daily functioning, including missed time from school and sport (McCrory et al., 2017) .
Recent trends reflect a rising incidence of SRC. In a study of high school student-athletes that included 25 public schools, Lincoln and co-authors (Lincoln et al., 2011) reported a 4.2-fold increase in SRC rates over an 11 year period. Further, the average annual concussion rate in high school athletes has more than doubled from the 2005/2006 to 2015/2016 school year (Yang, Comstock, Yi, Harvey, & Xun, 2017) . A similar trend was found in collegiate student-athletes, where SRC rates doubled from 1988 to 2004 (Daneshvar, Nowinski, McKee, & Cantu, 2011) . This upward trend has continued throughout (O'Connor et al., 2017 following the National Collegiate Athletic Association (NCAA)'s 2011 adoption of a four-pronged concussion policy (Baugh et al., 2015; National Collegiate Athletic Association, 2014) . Further highlighting the importance of this injury in younger athletes, the age group most vulnerable for sustaining a SRC is 9-22 years, when team sports are most popular (Zemek, Farion, Sampson, & McGahern, 2013) .
A recent report by the Institute of Medicine (IOM) called for more research surrounding SRC incidence and risk in athletes aged 5-21 years (Institute of Medicine, 2013) . Being able to accurately identify those most at risk may improve concussion safety. The literature suggests that SRC occurs more frequently in females (Castile, Collins, McIlvain, & Comstock, 2012; Covassin, Moran, & Elbin, 2016; Lincoln et al., 2011; Marar, McIlvain, Fields, & Comstock, 2012; O'Connor et al., 2017) , young athletes (Davis et al., 2017; Guskiewicz, Weaver, Padua, & Garrett, 2000; Knox, Comstock, McGeehan, & Smith, 2006) , those with learning disorders/attention-deficit hyperactivity disorder (ADHD; Iverson et al., 2016; Nelson et al., 2016a) , and prior SRC (Abrahams, Fie, Patricios, Posthumus, & September, 2014; Guskiewicz et al., 2007; Makdissi et al., 2013; Schick & Meeuwisse, 2003; Schulz et al., 2004) . Although independent risk factors have been identified, heterogeneity in methodology across studies has resulted in the need to quantify the weighted risk of known factors associated with higher rates of SRC.
The lack of an empirical method to quantify odds of SRC was the impetus for the current investigation. Drawing from a regional neurocognitive testing database of adolescent and young adult student-athletes, our objective was to synthesize previously identified bio-cognitive risk factors associated with sustaining a SRC by developing an aggregate model of risk (Pavlou et al., 2015) .
Methods

Study Design and Overview
A retrospective analysis of prospectively collected data (ambispective design) was conducted. Participants included 12,320 middle school, high school and collegiate student-athletes from middle Tennessee and the surrounding states of Kentucky, Georgia, and Alabama who underwent routine preseason and post-concussion neurocognitive testing (ImPACT, 2012) . Consistent with CDC guidelines, new baseline data were obtained at least every 2 years (CDC, 2015) . Institutional Review Board (IRB) approval was obtained prior to analysis (IRB# 120991).
Data Collection
Data in the current study were obtained from the Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) evaluation, a commercially available computerized test platform that provides four neurocognitive indices, basic demographic and bio-cognitive information, and a 22-item self-report symptom inventory (ImPACT, 2012) . Demographic and bio-cognitive data from each ImPACT evaluation were extracted, including self-reported age, gender, sport, and concussion history, as well as medical and neuropsychiatric history. Given prior research, the variables of headache treatment (Morgan et al., 2015) , medication status (McCrory et al., 2013) , and self-report of attention deficit hyperactivity disorder and/or learning disability (ADHD/LD; Alosco, Fedor, & Gunstad, 2014; Iverson et al., 2016; Nelson et al., 2016a) were also included. Sport contact level was determined by a pre-existing classification system: contact (football, ice hockey, wrestling, soccer, basketball, men's lacrosse), limited contact (baseball, softball, women's lacrosse, volleyball, gymnastics, field hockey), and non-contact (golf, cross-country/track, tennis, swimming; Rice, American Academy of Pediatrics Council on Sports, & Fitness, 2008; Shehata et al., 2009; Zuckerman et al., 2016) .
Selection of Participants
Following written, informed consent by the student-athlete or his/her parent/guardian, all participants completed a baseline test as part of routine athletic care. Baseline ImPACT testing was conducted in group settings during the preseason and under the supervision of a sports medicine professional trained in the administration of ImPACT (Kuhn & Solomon, 2014) . If a SRC occurred, the student-athlete completed post-injury ImPACT testing.
For all student-athletes in the database, a SRC diagnosis was made in accordance with the definition provided by the international Concussion in Sport Group (CISG) guidelines (McCrory et al., 2013) . Suspected concussive injury was assessed initially by certified athletic trainers (ATCs) and subsequently diagnosed by team physicians based on the following on-field or sideline signs or symptoms: (1) lethargy, fogginess, headache, dizziness, nausea, visual problems, photophobia, or phonophobia (2) alteration in mental status, (3) loss of consciousness, or (4) amnesia. Grading systems of concussion severity were not utilized, based on the aforementioned CISG guidelines (McCrory et al., 2013) .
On the basis of the presence of a post-injury ImPACT tests, student-athletes were operationally dichotomized into those who sustained a SRC and those who did not. Student-athletes without a post-injury test were defined as non-concussed. If a student-athlete sustained multiple SRCs, the first injury was analyzed as the "SRC event" to keep the variable of SRC history free of compounding. All student-athletes with a neurocognitive assessment during the 2011-2016 seasons were eligible for inclusion in the study. Of the total 13,927 individual student-athletes, those with missing data were excluded (1,607, 11.5%), resulting in a final sample of 12,320. The reported and missing data groups significantly differed by treatment history for psychiatric disorder, χ 2 (1) = 10.97, p < .01, gender χ 2 (1) = 16.83, p < .01, Level of play (no collegiate cases for exclusions), χ 2 (1) = 2,939.65, p < .01, and contact sport classification, χ 2 (1) = 40.74, p < .01. While groups differed significantly in the percentage of cases in each category, the very large N suggests the data are robust and likely not to be affected by the removal of cases with missing data (Hampel, Ronchetti, Rousseau, & Stahel, 1986) .
Statistical Analysis
Variables within the model were treated as dichotomous (e.g., ADHD/LD diagnosis, yes or no) or categorical (e.g., youth, high school, and college sport participation). Univariate logistic regression methods were used to determine the relationship between each bio-cognitive variable with the outcome. Variables with a p-value of <.05 in their respective univariate regression analyses were included in a multivariable regression model. Collinearity was assumed for variables with a Pearson's correlation coefficient of 0.60 or greater; however, no variables exceeded this commonly used cutoff (Berry & Feldman, 1985; Hinkle, Wiersma, & Jurs, 2002) To develop the SRC risk score, β coefficient values were calculated for each significant risk factor in the multivariable regression. Points were assigned to each factor, with higher points corresponding to stronger association between the variable and outcome. The population was subsequently divided into categories of different SRC odds through a Classification and regression tree (CART) analysis of injury outcome, based on total risk score of aggregate relevant factors. A bootstrap analysis was performed (1,000 samples) in order to attempt to control for sample bias and more accurately reflect population parameters of risk (Pavlou et al., 2015) .
Results
Injury Analysis and Risk-Scoring System
A total of 12,320 unique neurocognitive assessments were included in the final analysis. Of total sample, 1,517 (12.3%) student-athletes sustained a SRC. Student-athlete demographics and bio-cognitive characteristics are summarized in Table 1 , along with univariate logistic regression analyses assessing the ability of different risk factors to predict the occurrence of SRC.
The nine significant variables/sub-categories were entered into logistic regression model by descending order of significance. Five variables maintained their prognostic significance ( Table 2 ). The final multivariable logistic regression model included history of SRC, a positive treatment history for headaches, level of play/age, participation in a contact sport, and a diagnosis of ADHD/LD.
Conversion of β coefficients to risk score points involved a linear transformation (Sullivan, Massaro, & D'Agostino, 2004 ) by dividing each variable β by 0.21 (the lowest β value, corresponding with ADHD/LD diagnosis), multiplying by a constant (2), and rounding to the nearest integer (Table 3A) . Composite scores were calculated for each patient. The classification and regression tree analysis yielded six groups based on the odds of sustaining a SRC, which included very low (0), low (1-5), moderate (6-8), intermediate (9) (10) (11) (12) (13) (14) , high (15-24), and very high (25-41) with increasing SRC prevalence rates from 4.7% to 54.3% (Table 3B ). Likelihood of SRC by classification group produced an area under the curve (AUC) of 0.71 (95% CI 0.69-0.72, p < .001) (Fig. 1 ). The risk model was a significant predictor of SRC occurrence (X 2 = 1,112.75, p < .001); however, the effect size was small at 16% (Nagelkerke's R 2 = 0.16; Table 3C ), meaning 84% of the variance remained unaccounted in the current model.
Discussion
From a sample of 12,320 student-athletes, the current study synthesized five empirically based medical and sport-specific variables associated with sustaining a SRC. While these five variables have been previously associated with increased SRC risk, the current study replicated prior analogous findings using one of the largest sample sizes to date. Additionally, the current study extended prior findings by quantifying and synthesizing the five identified SRC risk factors in a single model. From these variables and corresponding risk categories, it was our hope that practitioners could provide student-athletes and families with further objective information on SRC risk, as complex sport and scholastic decisions are made. However, the use of bio-cognitive variables poorly quantified the risk of SRC, signifying that new areas to assess SRC risk are needed.
Significant Factors
The current risk score was comprised of five previously reported SRC risk factors: SRC history, prior headache treatment, sport contact level, age, and history of ADHD/LD. Previous concussion was the strongest predictor in our analysis, a finding confirmed by Abrahams and colleagues (2014) systematic review of SRC risk factors. Concussion history as a risk factor has The odds category was calculated by adding the points for each factor. b The difference in the probability of injury in high-and the low-risk groups calculated by the formula (Phigh -Plow) ÷ 100. The C statistic/Area under the curve is reported and significant at the p < .001 level. Marshall et al. (2015) of 8,905 studentathletes playing seven sports at the high school and college level. Given that recurrent concussion rates have significantly declined nationally approximately 2.6 years following the implementation of concussion laws in high school sports (Yang et al., 2017) , this association may be weakened in future, similar studies. Contact sports were also found to be significantly associated with SRC. These results are fairly intuitive, and have been confirmed by a systematic review of youth sports concussion, where rugby, hockey, and football had the highest rates compared to all contact and non-contact sports (Pfister, Pfister, Hagel, Ghali, & Ronksley, 2016) . We also found that a history of prior headache treatment increased the odds of SRC, which is in agreement with a previous study (Gordon, Dooley, & Wood, 2006) . Interestingly, a history of headache treatment remained significant when entered into the multivariable model, but migraine, which was significant independent of other variables, did not. This suggests that a self-reported history of headache treatment may place student-athletes at higher odds for SRC, whereas a self-reported history of more severe migraines may not. It could be that headaches alone, not their severity or type, is the relevant factor. However, the self-reported nature of both diagnoses limits our interpretation. Lastly, previous research supports increased SRC odds in those with ADHD/LD (Nelson et al., 2016a) .
Non-Significant Factors
With respect to gender, some evidence suggests that females may be at increased risk for SRC, as demonstrated by three large high school studies, each comprised of over approximately 2,000 high school student-athletes (Castile et al., 2012; Lincoln et al., 2011; Marar et al., 2012) . Little evidence exists to suggest males are at increased risk, except for one large study of 4,468 youth American football players (Nation, Nelson, Yard, Comstock, & McKenzie, 2011 ) and a survey study of 50,352 Canadian citizens ages 12-24 years who suffered sport/recreational concussions (Gordon et al., 2006) . In light of these mixed findings, the most recent CISG guidelines concluded that gender was not a risk factor for SRC. The previously mentioned systematic review (Abrahams et al., 2014) concluded the same based on several large studies (Koh & Cassidy, 2004; Yang et al., 2008) . Some studies have illustrated that psychiatric histories may place student-athletes at an increased risk for prolonged symptoms, but to our knowledge, with respect to concussion incidence, the area has been relatively understudied. Of note, psychiatric history was a significant predictor of SRC independent of other variables, but no longer remained significant within the multivariable model, suggesting a potential underlying relationship where one of, or multiple variables may have mediated the association between psychiatric history and SRC incidence.
Utility of These Findings & Future Directions
The current SRC risk model and scores has potential to improve counseling and management of the 36 million middle school, high school, and collegiate student-athletes who participate in organized sports every year (NFHS, 2014; Brain, 2015) However, we view our findings as preliminary, and recommend it be used cautiously as one tool amongst many strategies to counsel patients regarding SRC risk. While the aggregate score cannot predict absolute risk of SRC, the included factors can be taken under consideration by parents, and clinicians. Despite its concise format and simplicity, the current stratification tool, if cross-validated in further research, should serve as one piece of an individualized and multi-disciplinary management process.
More importantly, the small effect size (16%) of the current model tells a larger, more pressing story. Despite a large sample size and validated scoring methods, the use of baseline bio-cognitive variables poorly quantified the risk of SRC. It is incumbent on the SRC community to learn from this poorly performing model and expand the current paradigm to be more inclusive of a diverse range of factors that account for the other 86% of risk potential risk.
A natural progression may be to include the assessment of baseline symptoms, balance scores, and/or neurocognitive scores into a newer model, either alone or in conjunction with the established bio-cognitive variables. Other factors worthy of investigation include position (Pellman et al., 2004) , mechanism (Zuckerman et al., 2016) , and competition type (practice or games) (Dompier et al., 2015) . The use of video analysis to identify objective signs can also be used to quantify incompetition factors (Echemendia et al., 2017) . Further, genetics (Finnoff, Jelsing, & Smith, 2011) , playing behaviors, and protective equipment may prove to be prognostic variables (Abrahams et al., 2014) . It is our belief that SRC researchers need to rigorously pursue these difficult to answer questions, such risk of SRC and/or prolonged recovery, while reporting the effect sizes of significant results. This is especially true when considering the limitations inherent in reporting only p-values and not effect sizes, or the magnitude at which factors place people at risk (Sullivan et al., 2004) 
Limitations
The current study is not without limitation. Our synthesis model had an AUC of 0.71, which is in the fair range (Metz, 1978) . However, given the frequent uncertainty of SRC diagnosis, we believe this is clinically relevant, and also in line with similar SRC-related risk scores (Zemek et al., 2016) . Further, it is possible that student-athletes in our database saw noninstitution affiliated providers post-injury, which would lead to imprecise estimations of injury odds. This would occur if the student-athletes transferred schools, broke protocol and did not have a post-injury test, or was not seen by an institutional provider. However, if the concussion was sustained while playing a scholastic sponsored sport, the likelihood of capturing the SRC episode was high. Moreover, all comorbidities were self-reported by the student-athlete and/or guardian and not corroborated with medical record data. Differentiating between higher-level medical diagnoses, such as a headache versus migraine, may be above the medical knowledge level of patients and their families.
As stated, the current model accounted for 16% of the variance in outcomes, suggesting that 84% of factors that account for the odds of SRC were not included in this model. Other sources of variance potentially may include baseline symptom measures, some of which have been shown to place student-athletes at a higher odds of concussion (Lau, Collins, & Lovell, 2012) . However, these measures were purposefully excluded, so the score could be applied to all student-athletes, not just those with baseline neurocognitive and symptom scores, as baseline symptom assessment and neuropsychological testing may be beyond the resources of many sports and individuals. Furthermore, because the SRC risk model was developed from only student-athletes who underwent neurocognitive testing and symptom assessment, these results may not be applicable to dissimilar settings. Lastly, it is important to note the probabilities generated from this model do not represent absolute risk or relative risk of sustaining SRC, but rather, represent the relative odds of injury-based trends within a dataset relative to other subjects and factors. As such, if further research validates and extends this initial effort, then consideration of the related factors could be used as a complementary tool in the management of SRC.
Conclusions
An empirically developed risk model was generated to synthesize bio-cognitive factors associated with the risk of sustaining a SRC in American youth, high school, and collegiate student-athletes. If validated by further independent research, assigning student-athletes into one of six stratified groups may provide more informed preseason counseling, which could translate into individualized in-season care. It should be emphasized that this initial model is not a stand-alone tool, should be used in conjunction with additional patient-specific information, and awaits cross-validation, refinement, and extension. It is our hope that the current model will spark researchers to expand their study of SRC risk predictors outside the commonly studied demographic and bio-cognitive factors that to date, have poorly quantified the risk of SRC.
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